Abstract Identification of processes that shape the spatial structure of invasive species has important implications for understanding population regulation. In invasive Alliaria petiolata we quantified (1) spatial scale of seed dispersal under field conditions, (2) spatial structure of rosette and adult density and (3) the relative importance of environmental filtering, propagule pressure and adult-rosette interactions in shaping rosette and adult density. We conducted a seed dispersal experiment under field conditions; and in a 3 year field survey we measured quadrat-level rosette and adult density, adult seed production and soil moisture and light along transects in three A. petiolata populations at Koffler Scientific Reserve in Southern Ontario, Canada. Propagule pressure was estimated based on quadrat-level seed production and neighbourhood seed production. We found that seed dispersal of A. petiolata followed a lognormal distribution with a mean dispersal distance of 1.82 m, and that spatial structure in both adults (Moran's I: 0.30-0.56) and rosettes (0.48-0.57) was significant up to 2 m. Propagule pressure and adult-rosette interactions were significant processes associated with rosette density, whereas propagule pressure was the most important process associated with adult density. However, due to the observational nature of the data, it is difficult to determine whether the observed negative association between adult and rosette density is related to competition or to temporal variation in densitydependent seed production. Overall, we conclude that spatially restricted seed dispersal is the most important factor underlying this species' patchy distributions.
Introduction
In natural landscapes, many invasive species show patchy spatial distributions. Since processes shaping the dynamics of ecological populations often leave their signatures in the spatial structure of populations and communities (Powell 1990; Seabloom et al. 2005) , analysis of spatial structure may offer useful insights into the mechanisms of species' spatial organization (Fortin and Dale 2005; McIntire and Fajardo 2009 ). Such knowledge is crucial to devise appropriate management strategies for invasive populations. However, identifying important processes creating spatial structure in ecological populations may be challenging because numerous processes interactively shape ecological populations and we rarely know about all processes . Furthermore, a single process may create varying spatial structure (Pielou 1960; Powell 1990 ) and different processes may create similar spatial structure (Fortin and Dale 2005; Malkinson and Jeltsch 2007; Dray et al. 2012) .
One way to deal with these challenges is to simultaneously quantify the relevant processes as identified by theories on spatial organization, such as metapopulation theory or the metacommunity concept. The latter emphasizes three key process: (1) environmental filtering, (2) dispersal and (3) species interactions (Gilpin and Hanski 1991; Leibold et al. 2004; Biswas and Wagner 2012) . These three processes may be a good starting point (Legendre 1993; Dormann et al. 2007 ), whereas any remaining residual spatial structure after accounting for these processes may point towards additional important processes (Wagner and Fortin 2005; Dray et al. 2012) .
Since lack of a unique signature of each process makes the task of inferring processes from spatial structure challenging (McIntire and Fajardo 2009) , attempts should to be made to quantify them directly if possible. While many studies quantify environmental conditions and biotic interactions directly, dispersal is often either approximated by geographic distance or introduced as a post-study explanation for residual spatial structure (Cottenie 2005) . However, dispersal is a central process of species spatial organization (Nathan and Muller-Landau 2000) . In real landscapes, species dispersal is a highly complex process (Biswas and Wagner 2012) , so that approximation of species dispersal based on variance explained by 'space' as commonly done (Cottenie 2005 ) may be insufficient. Empirical assessment of seed production, dispersal and resulting propagule pressure is important to understand species' spatial organization (Nathan and Muller-Landau 2000; Clobert et al. 2001) . This is even more important for invasive species, as propagule pressure is a major factor underlying successful invasion (Lockwood et al. 2005; Colautti et al. 2006 ). Yet, there is a paucity of studies that measured dispersal and resulting propagule pressure directly together with other processes (Nathan and MullerLandau 2000; Clobert et al. 2001; Colautti et al. 2006) .
Alliaria petiolata (M. Bieb.) Cavara and Grande, an invasive forb in North America, is ideally suited for studying the relative importance of processes because this species generally occurs in patches (see Online Resource 1), and the processes shaping population dynamics of this biennial species are relatively well known (e.g., Davis et al. 2006 ). In forest understory, A. petiolata can be very dominant (Luken and Thieret 1997;  often covering 80-100 % of a quadrat), so that interspecific interactions may have negligible effects on the dynamics of A. petiolata . While considerable research has been conducted on autecology and population dynamics of A. petiolata (see review by Rodgers et al. 2008) , its dispersal ability and resulting propagule pressure, as well as the relative importance of processes shaping the spatial distribution of adults and rosettes density, are still poorly understood.
In this study we experimentally assessed the spatial scale of seed dispersal under natural field conditions, and analyzed 3-year permanent plot data on adult and rosette densities to examine whether the patchiness in adult and rosette densities corresponds to the spatial scale of seed dispersal and to assess the relative importance of processes shaping adult and rosette densities by relating density data to quadrat-level environmental site conditions (environmental filtering), life-stage interactions (adults vs. rosette densities), and propagule pressure. We thus asked three questions: (1) What is the spatial scale of seed dispersal in A. petiolata? (2) What are the degree and spatial extent of spatial structure of adult and rosette density in A. petiolata? (3) What are the effects of environmental factors, propagule pressure and lifestage interactions on adult and rosette density in A. petiolata? We hypothesized that: (1) A. petiolata is characterized by short dispersal, as its seeds lack morphological adaptation for dispersal and are thus expected to disperse through gravity, potentially followed by secondary dispersal through animal vectors. (2) Spatial structure in rosettes is characterized by higher intensity of spatial autocorrelation than the spatial structure in adults. We expect this because short range dispersal creates patchiness in rosettes, whereas density-dependent effects are expected to reduce patchiness in adults (Powell 1990; Winterer et al. 2005) . (3) Propagule pressure and biotic interactions have a larger effect on the density of both adults and rosettes than environmental filtering, because A. petiolata occurs in a wide range of environmental site conditions (Cavers et al. 1979 ), which suggests a weak role of environmental filtering (Winterer et al. 2005) .
Methods

Study species and site
Alliaria petiolata is a Eurasian native and an invasive forb in North America (Rodgers et al. 2008) . The species occurs in diverse habitat types such as in forest understory, forest edges, along roadside verges, in open grasslands, and along stream bank riparian areas (Cavers et al. 1979; Meekins and McCarthy 2001) . Alliaria petiolata is a biennial species with two distinct life stages: first year rosettes and second year adults. Seeds germinate in early spring and develop into rosettes, which grow during summer and fall and survive winters under snow cover with some green leaves (Cavers et al. 1979) .
In the second year after spring snowmelt, A. petiolata quickly grows stalks and produces flowers, which may self-pollinate or be pollinated by generalist pollinators such as solitary bees, honey bees and syrphid flies (Cruden et al. 1996; Rodgers et al. 2008) . Alliaria petiolata then produces siliques (seed capsules), each containing 10-20 seeds of 2.5-3 mm length (Cavers et al. 1979) . After release of seeds in June-September, which generally occurs through bursting of siliques, adults die (Anderson et al. 1996) . Alliaria petiolata does not possess any specialized dispersal mechanism, and most seeds disperse by gravity. Yet, some seeds may disperse further by wind, deer, small mammals, water current and humans (Cavers et al. 1979; Evans et al. 2012) . It is generally assumed that most A. petiolata seeds fall within a few meters of the mother plant (Rodgers et al. 2008 ). Approximately 5-70 % of seeds germinate in the next spring and develop new rosettes; the remaining seeds stay viable in the seed bank up to 5-10 years (Cavers et al. 1979; Evans et al. 2012) .
Our study site was the Koffler Scientific Reserve at Jokers Hill (KSR), a University of Toronto field site near King City, Ontario, Canada. Here A. petiolata occurs in mesic forest understory, in moist grasslands and along trails. Detailed topographic, edaphic and vegetation maps of the study area are available at www.ksr.utoronto.ca. The first record of A. petiolata in Canada by J. Fletcher dates back to 1879 (Cavers et al. 1979) . The history of A. petiolata invasion at KSR is not well documented, but is estimated to be at least 20-25 years old .
Seed dispersal experiment
We selected five replicate point sources on relatively flat slopes (\5°) in forest understory for seed trap placement in natural populations of A. petiolata. At each point source, we selected 2-3 adult A. petiolata (average height 1.2 m) as source plants to ensure that there were enough seeds to be dispersed. In June 2010, we removed additional seed sources by manually clipping siliques of A. petiolata that occurred within a radius of 10 m from the point source. We only clipped the siliques but kept the plants to simulate natural dispersal conditions. Our choice of a 10 m radius was driven by a plan to place seed traps up to 4 m from the point source with a buffer of 6 m. We considered 4 m for seed trap placement because we expected that seeds would stay within few meters (Rodgers et al. 2008) . Outside each 10 m experimental zone, we flattened all standing adults of A. petiolata within the next 2-3 m to the ground.
Seed traps were manufactured in-house (Mechanical Department; University of Toronto, Mississauga). Each seed trap had an area of 78.54 cm 2 and consisted of three parts: the base, the seed holder and the cover (Fig. 1) . The base (3 cm height) offers a stable point to place the seed holder (6 cm height), and a 0.5 inch wire mesh cover protects seeds from predation by small animals. Both base and seed holders were built from poly-vinyl-chloride (PVC) pipe, which was circular in shape with a diameter of 10 cm. The bottom of each seed holder was netted with fine steel mesh (mesh window net) so that water could pass through but seeds not. Each seed trap was established in the field as follows: the base was inserted fully into the ground using a hammer, the seed holder was then placed on the base, and finally a cover was placed on the top of the seed holder ( Fig. 1) .
In July 2010, when most adults had developed siliques and there was little indication of developing further flowers or siliques, we clipped any new siliques in the non-source plants. We then counted the number of siliques for each point source (average: 102.6; range: 82-128). We did not open siliques of the source plant but opened five siliques from nearby non-source plants and counted the number of seeds per silique (average: 15.796). From the product of the number of siliques at each point source (2-3 source plants) and average number of seeds per silique, we estimated Spatial structure in invasive Alliaria petiolata reflects 3213 available seeds at each point source. The average number of seeds at each point source (N = 5) was estimated as 1617 with a range of 1312-2004. We then placed 55 seed traps around each point source, starting from 0.5 m and extending up to four meters, with an interval of 0.5 meters, so that seed traps were placed at: 0.5, 1, 1.5, 2, 2.5, 3, 3.5 and 4 m away from a point source. The area around each point source was divided into four quadrants and seed traps were placed approximately equally spaced within each quadrant ( Fig. 1 ). Because the probability of seed travel decreases with increasing distance from the seed source, we increased the number of seed traps at each interval with increasing distance (Bullock and Clarke 2000). In late October 2010, when seeds from source points were dispersed, we collected seeds from each trap and counted them in the laboratory. During seed collection from the traps, we noticed minor disturbance: several traps were displaced (2-13 per site) and several contained full siliques with stalks that were likely dispersed by animals; we excluded those traps from analysis.
Field survey
In August 2009, we established transects of permanent plots and collected demographic and environmental information in three comparable populations of A. petiolata occurring in forest understory at KSR. For each field population, we laid out four perpendicular radial transects of contiguous 1 m 2 quadrats extending from the center to the edge of the A. petiolata patch (see Online Resource 1). The number of quadrats in each transect was variable (range: 12-25; on average 17 quadrats per transect). In each quadrat (N = 196), we collected data on (1) number of adults (A t ), (2) number of rosettes (R t ) and (3) mean seed production per adult (S t ), for 3 years (August 2009 , June 2010 . To quantify the number of seeds per adult plant, we counted the number of siliques (n siliques ) in each of three (2010) or five (2009) randomly selected adults in each quadrat (if a quadrat had fewer individuals, we measured all); we opened three randomly selected siliques from each plant to count the number of seeds per silique (n seed ). Quadrat-level seed production (qS) was quantified for each quadrat as the product of its average number of seeds per silique, its average number of siliques per plant, and its observed number of adults (i.e., qS = n seed 9 n siliques 9 A t ).
As environmental variables, we measured (in August for the year 2009 and in June for years 2010 and 2011) leaf area index (LAI) as a proxy for light, and soil moisture content (M) annually for each quadrat (N = 196). For soil moisture, we took three measurements (using a TDR probe) within each quadrat and averaged them to represent a quadrat (median 19 %, range: 7-30 %). All soil moisture measurements were taken within a period of 3 days without any rainfall event 7 days prior to sampling days. For light, we took a canopy image at breast height (using a Digital Plant Canopy Imager CI-110) in each quadrat and analyzed the image for LAI.
Statistical analyses
Quantifying the spatial scale of seed dispersal Separately for each replicate point source (N = 5), we used the function 'fitdistr' from R library ''MASS'' (Venables and Ripley 2002) to fit a Weibull, a lognormal, an exponential and a half normal model to the average number of seeds (S d , rounded to the nearest integer) recovered per seed trap for each distance level d from the point source, where d = {0.5, 1,…, 4 m}. We extracted model parameter and model log-likelihood values for each point source. Based on the log-likelihood (ln(L)), the number of parameters in a model (k), and the number of observations (S = R d S d ), we quantified AICc (Akaike Information Criterion with a correction for small samples) for each model, separately for each point source as:
The log-normal model was consistently identified as the best fitting model, as it had the lowest AICc for each data set (Table 1) . We used the ''transectHolder'' function in R library ''spuRs'' (Jones et al. 2012) to average parameters of the log-normal model across the five replicates. The ''transectHolder'' function fits the same nominated probability density function to each point source, then averages the fitted parameters across point sources (Jones et al. 2009 ). It returns an averaged transect probability density function (transect pdf), f T (r) with parameters l T and r T , giving equal weight to each point source and accounting for trap size.
The mean displacement of a seed from a point source is given by the radial pdf, f R (r), which accounts for the radial diffusion effect. For the log-normal model, f R (r) is approximated by rf T (r), and the parameters l R and r R of the radial pdf can be estimated by l R = l T ? r T 2 and r R = r T (Jones et al. 2009 ). Mean seed displacement distance was estimated by the mean of the log-normal distribution, exp(l R ? r R 2 /2).
Quantifying spatial structure of Alliaria petiolata
We quantified spatial autocorrelation in A. petiolata density, separately for each life stage and year, using Moran's spatial correlogram (Moran 1948) . As implemented in the function ''sp.correlogram'' in R library ''spdep'' , spatial autocorrelation, I(d), for each lag (d) was calculated as: where W is the number of pairs of quadrats considered in a particular lag class d, and w ij is the spatial weight between observations i and j. In defining spatial relationships (i.e., the spatial weight matrix W), adjacent quadrats were considered as neighbors (rooks connection; binary neighbor list, weights = row standardized).
To improve residual distribution, density data were transformed to square roots. Since spatial analysis is sensitive to broader-scale patterns, all transformed variables were detrended (i.e., we retained the residuals of a linear regression of each transformed variable against x and y coordinates of transect positions) and scaled to zero mean and unit variance, separately for each population (Legendre and Legendre 1998; Dale and Fortin 2005; Wagner and Fortin 2005; Schlup and Wagner 2008) . Using these transformed, detrended and standardized variables, we computed Moran's I correlograms over nine lag classes. The number of lags was determined on the basis of Sturge's rule and kept constant between populations to facilitate comparison. If the overall test for the correlogram was significant, we tested statistical significance of the correlogram statistic in each lag distance using progressive Bonferroni correction (Hewitt et al. 1997 ). This procedure, where the first lag is tested with a = 0.05 and subsequent lags k are tested with a = 0.05/k if and only if all previous lags were significant, is recommended for determining the extent of positive spatial autocorrelation with an a priori hypothesis that patchiness would be in the smallest distance classes (Legendre and Legendre 1998) .
Comparing importance of processes
We quantified each process hypothesized to shape adult and rosette densities of A. petiolata with 1-2 variables measured in the field (Table 2 ). Based on the results from the seed dispersal experiment (see below), we created a new variable to represent the seed dispersal from neighboring quadrats (nbS) as the average of seeds from adjacent quadrats. We did not include second neighbor quadrats in the estimation of nbS, as results from the dispersal experiment suggested that the nearest neighbors would be most important, and second-neighbor quadrats are not well represented in linear transect data. Repeating the analysis including second neighbors did not change the result, and second neighbors were not significant after accounting for first neighbors. To compare the effect of each process shaping adult and rosette densities, we predicted adult (A t ) and rosette (R t ) densities at time t as functions of factors representing the three main processes (Table 2) . We conducted spatial regression analyses using the function ''errorsarlm'' in R library ''spdep'' , separately for adults and rosettes and for 2 years t (2010 and 2011), each with a spatially autocorrelated error term to account for potential spatial autocorrelation in the residuals. To facilitate comparison among processes, all transformed variables (discussed below) were standardized (mean = 0, variance = 1), and thus no intercept was required. Spatial regression models were defined as follows:
where 'Pop' refers to a random population effect, b refers to the regression coefficients (slope parameter) associated with the explanatory variables (see Table 2 for the definition of variables), k is the coefficient of the spatial error term (a significant k indicates significant residual spatial autocorrelation), which was defined by a spatial weight matrix W (where adjacent quadrats were neighbors; binary neighbor Propagule pressure Quadrat-level seed production (qS t -1 ) Neighboring seed production (nbS t -1 )
Rosette density (R t -1 )
Biotic interactions Adult density (A t ) -
list, weights = row standardized), and e is the independent error term. Correlations among predictors were non-significant, except a moderately significant correlation among qS and nbS. To improve residual distribution, density data were transformed to square roots, and quadrat-level seed production qS, seeds from neighbors nbS, soil moisture M and light LAI to natural logarithm. Residual analyses showed that transformations were successful, as the distributions of non-spatial residuals e were approximately normal and variances were relatively homogeneous. The proportion of variance explained by each spatial regression (pseudo-R 2 ) was computed as the squared correlation of the fitted values predicted from the nonspatial predictors in the model (i.e., without the spatial error term) and the original transformed variable . We performed all analyses in R 2.14.2 (R Development Core Team 2011).
Results
Spatial scale of seed dispersal
The lognormal model provided the best fitting dispersal kernels for A. petiolata (Table 1; Fig. 2 ). After correcting for the radial diffusion effect, the averaged model (radial pdf) with parameters l = 0.407 and r = 0.620 resulted in an estimated mean seed displacement distance from a point source of 1.82 m. This means that 3.8 % of seeds are expected to fall Fig. 2 Seed shadows (a-e) and estimated seed dispersal kernels (f) in Alliaria petiolata for five point sources (=repli-cates). For each point source, each bar represents the average number of seeds per trap per distance class. In f the transect pdf and the radial pdf are the average dispersal kernel (n = 5) before and after correcting for the radial diffusion effect. The dotted lines (in f) indicates transect and radial pdfs, the average dispersal kernels (n = 4) without point source 5 within 0.5 m, 49.9 % within 1.5 m, and 79.4 % within 2.5 m. In the context of our transects with 1 m 2 quadrats, 3.8 % of seeds are expected to stay within the quadrat, 46.1 % go to direct neighbor quadrat, 29.5 % to second neighbor, and 20.6 % go beyond the second neighbor. Point source 5 showed a high level of disturbance with 13 displaced seed traps. Excluding this replicate from averaging resulted in a radial pdf (Fig. 2) with parameters l = 0.427 and r = 0.646 and a mean displacement distance of 1.89 m.
Spatial structure of rosettes and adults
For both adults and rosettes, we found significant positive spatial autocorrelation up to the second lag (i.e., 2 m), except for adults in 2011, where only the first lag was significant (Fig. 3) . In rosettes, global Moran's I (which is equivalent to the first lag, I (1)) . In adults, previous year's rosette density R t -1 was the only significant process in both years (Table 3 ). The effects of environmental factors were not significant in either rosettes or in adults (Table 3) , but random population effects were significant. Notably, there was significant spatial autocorrelation in the residuals for adult and rosette density in both years (see values of k in Table 3 ).
Discussion
Seed dispersal and the spatial structure of rosettes and adults Based on a fitted lognormal dispersal kernel, seed dispersal of A. petiolata under field conditions is spatially restricted with a short mean dispersal distance of 1.82 m. The spatial structure of both rosette and adult densities, as assessed by spatial autocorrelation, was significant at a small spatial scale of 1-2 m, which is consistent with the results from the seed dispersal experiment. Spatial regression analysis of survey data on rosette density revealed propagule pressure from within the same quadrat (b = 0.48, 0.26) as the most important process structuring withinquadrat rosette density in both 2010 and 2011, while the importance of dispersal from adjacent quadrats was confirmed for 2010 by a significant effect (b = 0.26) of neighboring seed production (nbS). Based on the independent evidence from the dispersal experiment and the survey data, we conclude that seed dispersal is important, but occurs mostly at a very small scale. Short-range dispersal may thus largely be responsible for spatial structure of rosettes in the studied populations of A. petiolata (Fig. 3) .
Some caveats need to be considered when interpreting the results from our dispersal experiment. The fact that we recovered seeds up to the maximum distance of seed traps from the point sources (4 m), with no other potential sources within at least 6 m, indicates that seeds may travel further, and hence the full tail of the dispersal kernel is not captured in this experiment. Given the estimated dispersal kernel, it is unlikely that many seeds would have dispersed by gravity from sources outside our experimental plots. However, secondary dispersal by animal vectors may have occurred. We noticed animal disturbance, resulting in displacement of several seed traps and deposition of uprooted stalks with entire siliques attached. These problems occurred mostly in one of the five replicates, and we estimated dispersal kernel both with and without this replicate. Overall, the results provide a much needed first empirical estimate of a seed dispersal kernel in A. petiolata under natural field conditions.
The overall patchiness (i.e., spatial autocorrelation) in both adult and rosette densities was similar from 2009 to 2011 (Fig. 3) , except for a slight reduction in patchiness in adults in 2011. The result that both adults and rosettes showed similar degree of patchiness (*2 m) despite demographic thinning (mortality) in rosettes suggests that the legacy of seed dispersal on the spatial structure of individuals, both adults and rosettes, is very strong. On the other hand, the observed reduction in patchiness in adults in 2011 (Hewitt et al. 1997) Spatial structure in invasive Alliaria petiolata reflects 3219 may not be surprising because ecological processes are dynamic, and the presence of multiple processes acting at local or broader scales may produce varying degrees of spatial structure over time (Levin 1992) . We identified short-range dispersal and the resulting propagule pressure as the key process that creates spatial structure in A. petiolata density. Factors such as animal and human movement in an A. petiolata patch may affect dispersal (Cavers et al. 1979 ) and thus spatial structure of rosettes and adults. In addition and at broader spatial scales, annual variation in weather patterns, including discrete climatic events such as timing of the first rain storm of a season or cold storm temperature, may strongly affect demography, especially seed germination, of short-lived plants (Levine et al. 2011) . In A. petiolata, dramatic variations in demographic parameters between sites and between study years associated with environmental heterogeneity and stochasticity in weather such as rain and drought have been reported (Evans et al. 2012; . Finally, the ongoing research resulted in a considerable increase in human movement from 2009 to 2011 in our study populations, which may have affected dispersal patterns and thus introduced noise in the spatial structure, potentially resulting in an overall reduction of the explanatory power of the measured variables from 2010 to 2011 (Table 3) . We suspect that weakening of the effects of dispersal (nbS) in 2011, and the reduction of pseudo-R 2 from 0.58 in 2010 to 0.09 in 2011, may be related to year-to-year variation in demographic parameters as observed in Meekins and McCarthy (2002) and in Winterer et al. (2005) , variability in seed production in unmeasured neighboring quadrats, the ignoring of second neighbor quadrats as potential seeds sources, soil seed bank, or to disturbance of seed dispersal patterns resulting from the ongoing research as discussed above. However, our overall results highlight the importance of propagule pressure or colonization in shaping patterns of density in A. petiolata, and this is consistent with a general prediction of invasion ecology that propagule pressure is a key driver of biological invasion (Colautti et al. 2006) .
As hypothesized, we found non-significant effects of environmental filtering for adult or rosette density (Cavers et al. 1979; Winterer et al. 2005) . However, we found that negative association between life stages was the second most important process to the explanation of rosette density (Winterer et al. 2005; Bauer et al. 2010; Evans et al. 2012 ): same year's adults had a strong, significant negative correlation with rosette density in 2010 (b = -0.28, P \ 0.01). In 2011, however, the life stage interaction was not significant (P = 0.73), which may be due to strong spatio-temporal segregation between rosettes and adults (in 2010) followed by a hole-filling effect (2011), i.e., a phase when rosettes and adults mix (Meekins and McCarthy 2002; Winterer et al. 2005; Bauer et al. 2010) . Although competitive interactions between adult and rosette life stages of A. petiolata has been reported earlier (Meekins and McCarthy 2002; Winterer et al. 2005; Bauer et al. 2010; Evans et al. 2012) , we are not able to determine a causal role of competition between life-stages from this observational data, because negative correlation between the life-stages could also be driven by temporal variation in density-dependent seed production (i.e., areas with high adult densities in 2010 likely had low seed production in 2009, and thus low rosette densities in 2010). While our spatial regression accounts for some sources of seed production (within the quadrat and the two neighboring quadrats), substantial seed rain is likely to come from adjacent quadrats that remains unaccounted. Further research is required to determine the causality underlying negative association between adult and rosette density; and if competition prevails, the conditions for strong competition between life stages and how the strength of competition changes from seed germination in spring to seed shed in summer, so as to identify optimal timing for management interventions.
Nevertheless, we found significant spatial autocorrelation in the residuals (k) in both adult and rosette density for both 2010 and 2011, which may indicate the presence of unaccounted processes. Density and spatial structure in a population may be generated through demographic processes (Powell 1990) , and based on existing literature on A. petiolata, density dependence or herbivory are likely confounding processes (Davis et al. 2006; Evans et al. 2012; . Further research should thus include quantification of these processes.
Implications for management
Our results have implications for the life stage to target and the timing of management in controlling this species. First, our assessment of the relative importance of processes revealed that propagule pressure is the strongest factor governing rosette density, i.e., rosettes grow where seeds land, and adult density is governed by rosette density, i.e., adults are still living primarily where the seeds landed despite thinning effects. The adult life stage should be targeted for management to cut off propagule supply and thus regulate the population. Interestingly, we also found that adult density was negatively correlated with the density of rosettes; this result suggests a benefit of late removal of adults to suppress rosette survival, though adults should be removed or their inflorescences cut before seeds are developed. However, this strategy should be further tested over multiple years in replicate sites to account for the potential confounding by a cyclical alternation of adult-and rosette-dominated years and a legacy effect of the soil seed bank.
To conclude, the first available estimate of A. petiolata mean dispersal distance under field conditions will provide important guidance for empirical studies and computer simulation modeling aimed at developing optimal management strategies. Overall, the results from this study together with earlier studies on A. petiolata suggest that rosette density is positively related to propagule pressure but negatively related to adult density (Meekins and McCarthy 2002; Winterer et al. 2005; Bauer et al. 2010; Evans et al. 2012) . In contrast, fine-scale variation in environmental site conditions does not seem to matter for structuring this species. Our results suggest that the adult life stage should be targeted for management, the strong negative effect of adult density on rosette density suggests removing adults later, before seed shed, rather than early in spring, to benefit from this intraspecific interaction.
